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Characterization of the Physical and Magnetic Properties of Gd Thin Films
Daryl V. Williams Jr.
Abstract

The standard material by which all materials exhibiting magnetocaloric effect are
measured is Gadnolinium. In this work we are attempting to understand how
nanostructuring can impact the magnetocaloric effect, to this end we have grown Gd in
various thin film structures. The samples made were grown via magnetron sputtering on
MgO(100) substrates. Samples of thick Gd (2000 Å) were grown and sandwiched
between two layers of Cr or W and annealed at increasing temperatures to study how this
can perturb the magnetic and structural properties of the Gd. Another set of samples was
grown in which Gd (at various thicknesses) is in a multilayer system with W. Here the
purpose is to explore how changing the thickness of the Gd can change its magnetic
properties. Using the appropriate Maxwell relation, the magnetic entropy change was
observed to increase with increasing annealing temperature. In a 0-4T magnetic field
change, the peak entropy was found to go from approximately 1.5 J/kg-K for the
unannealed sample to 4.4 J/kg-K when annealed to 600°C. The multilayers were found
to all have a TC near 280 K, in contrast with what is predicted by finite size scaling. This
is likely due to pinholes in the W layers allowing the Gd to act as one magnetic material.

vi

Chapter One
Background and Motivation
1.1 Introduction
Interest in magnetic refrigeration, a more environmentally friendly alternative to
conventional gas compression, has lead to the extensive study of materials that exhibit the
giant magnetocaloric effect, MCE [Pecharsky, 1999], which was discovered by Warburg
in 1881 in pure iron [Warburg, 1881]. In the past, magnetic refrigeration was only used
at very low temperatures for experimentation purposes. Gadolinium, Gd, is the standard
material by which all other materials exhibiting giant MCE are compared. In fact, the
largest MCE values known until recently were found in the vicinity of the second order
ferro-to-paramagnetic phase transition of Gd [Brown, 1976]. Recent work has found
materials such as Gd(Si1-xGex)4 that exhibit giant MCE near room temperature, making
magnetic refrigeration a more practical option with broader applications [Pecharsky,
1997]. The problem is this exotic alloy and other materials like it require high magnetic
fields to operate at high efficiency. Nevertheless, the discovery of these new materials
has revived this field to the point that it is worthwhile to use the tools of nanoscience to
determine if we can enhance the magnetocaloric properties of a variety of materials.
Nanostructuring by both geometric confinement (i.e., growing materials as thin films)
and proximity effects (i.e., growing two dissimilar materials in contact at the atomic
level) are known to lead to new and exciting physics [Bader, 2006]. The most prominent
example of the power of nanostructuring is giant magnetoresistance, which was awarded
the 2007 Nobel Prize in Physics. Thus, this route is promising in terms of changing
9

properties and may lead to novel discoveries and advantageous changes in
magnetocaloric properties. With that in mind, this work will focus on investigating
nanostructuring in Gd thin films.

1.2 Basics of Gas Compression and Magnetic Refrigeration
To understand the magnetocaloric effect and magnetic refrigeration, the ideal
refrigerator will first be discussed. The ideal refrigerator is known as a Carnot
refrigerator, whose operation can be described by the Carnot cycle seen in figure [1.1].
Figure [1.1] will be used but the process will be reversed in the description to follow the
cycle as it would be for an ideal refrigerator. The cycle flows as follows: from position
one (1) to four (4) is an adiabatic process. This is when work is done on some working
substance (gas or fluid) for example, the substance expands or is decompressed (pressure
drops and volume increases) and cools from temperature T1 to T2. Going from four (4) to
three (3) the process is isothermal. At a constant temperature, T2, the substance continues
to decompress as cooling is introduced to the system. When going from three (3) to two
(2) the process is once again adiabatic; in this case the substance is compressed
(increasing pressure, decreasing volume) and this causes heating in the system from T2 to
T1. Lastly, going from two (2) back to one (1) is an isothermal process. Here, at T2, the
sample is further compressed and heat is released from the system (e.g., out into the room
for a household refrigerator). The compressor is the most inefficient part of this process
so replacing it should improve efficiency. This is how a refrigerator works ideally, now
magnetic refrigeration will be discussed for comparison.
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Figure 1.1: The Carnot cycle for an ideal engine. Reversing all of the arrows
results in an ideal refrigerator (or heat pump).
Magnetic refrigeration occurs in a similar way to traditional refrigeration (gas
compression) described above and works because of the magnetocaloric effect. The
magnetocaloric effect is a magneto-thermodynamic phenomenon whereby a changing
magnetic field leads to a reversible change in the material’s temperature. This process
works because there are two contributions to the total entropy of the system: a magnetic
entropy that is related to the order of magnetic moments, and a lattice entropy that is
related to the temperature. It is convenient to start with a material with disordered
magnetic moments (position (a) in Fig. 1.2), which is typically found with the lowest
field magnitude and ambient temperature within the refrigeration cycle. Applying a
magnetic field adiabatically causes the spins in the material to align. Recalling that no
heat is exchanged in an adiabatic process, the decrease in magnetic entropy must be
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compensated for by an increase in the lattice entropy, which implies that the material
must heat up ((a)-to-(b)). Once the moments are aligned and excess heat has been
removed, the material returns to ambient temperature ((b)-to-(c)). The adiabatic removal
of the applied field then leads to an increase in magnetic entropy, which is compensated
for by a decrease in the lattice entropy, and thus the temperature of the material decreases
below ambient ((c)-to-(d)). Finally, the refrigerant absorbs energy from the load, causing
it to heat back up to ambient temperature ((d)-to-(a)).

Figure 1.2: A magnetocaloric material (a); when magnetized heats up (b); it
is then cooled and demagnetized (c), the moments become disordered and its
temperature drops dramatically (d). Credit: Talbott, National Institute of
Standards and Technology.
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Putting this into a practical refrigeration scheme is trickier than with fluid based
systems, precisely because magnetic materials are solids. Once the applied external
magnetic field aligns the magnetic moments within the refrigerant, the material releases
energy to the environment so its temperature drops (the temperature of the environment
rises). This leads to an decrease in magnetic entropy of the magnetic refrigerant. If the
magnetic field is reduced back to zero isothermally (so the material cool down) then the
refrigerant material will absorb heat from whatever it contacts (assuming that material is
at ambient temperature). These are the two main steps where heat is transferred from the
environment to the refrigerant. The trick is that there have to be two “environments”: one
that is giving its heat to the refrigerant, and one that is accepting heat from the refrigerant.
What is needed is a heat exchanging fluid (water for example) that is cooled by the
magnetic refrigerant during this part of the cycle, and then flows to the load. On the
other part of the cycle, this fluid must then carry the waste heat to the outside
environment (such as the air cooled fans on a household refrigerator). One can then see
that magnetic and gas compression refrigeration follow a similar process but work using
a different mechanism.
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1.3 Gadolinium and its Magnetic Properties
Gadolinium is the standard material when studying MCE and it exhibits long
range ordering at the atomic level, when it is in the ferromagnetic state. This long range
ordering causes electron spin to align parallel to each other within a domain. Domains
are separated by domain walls and the domains within a material will normally point in
random directions unless a magnetic field is applied. There comes a certain point in
temperature when a ferromagnetic material is no longer able to be magnetized and the
long range ordering is broken.
The second order magnetic phase transition is when the ferromagnetic properties of a
material disappear due to thermal agitation. Every ferromagnet has a temperature at
which this occurs known as the Curie temperature, TC. The TC for Gd is ~293 K, above
which point it becomes paramagnetic. The magnetocaloric effect occurs in the region
where this phase transition takes place at TC.
1.4 Introduction to the Magnetocaloric Effect
The magnetocaloric effect is exhibited by many magnetic materials when they are
subjected to a magnetic field. The magnetocaloric effect is most prominent near
magnetic phase transitions, where spins are able to be influenced strongly by externally
applied magnetic fields. In ferromagnets when a field is applied at TC the magnetic
entropy of the solid is reduced because the spins become aligned (there is less spin
disorder). This reduction in magnetic entropy leads to an increase in the temperature due
to an increase in lattice entropy as it attempts to hold the total entropy of the closed
system constant. The removal of the magnetic field causes this process to reverse. The
reversal causes the material to cool. These properties are similar to how gases in a vapor-
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cycle refrigerator respond to compression and expansion, which is why magnetic
refrigeration (with a fluid transferring the heat) is of interest [Gschniedner, 2000].
The MCE is measured as a negative entropy change (-ΔSM) versus temperature
(T) where the peak entropy (-ΔSpeak) value corresponds to the Curie temperature. When
determining the ΔS, the Maxwell relation involving magnetization (M), magnetic field
strength (H), and T:

can be integrated to yield:

The values for M and H come from the isothermal magnetization data that is collected.
The end result is a change in magnetic entropy versus temperature graph from which the
above mentioned information can be determined. Figure [1.3] is an example of such a
graph using pure Gd.
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Figure 1.3: An example of the caret-like behavior of ΔS in single crystal Gd
(adapted from Gschneidner, 2000).

1.5 Literary Review
Over the years many scientists have worked to understand and characterize MCE
and its existence in many different materials. Gd is one of the most prominent materials
exhibiting MCE, and so it has been studied extensively. Work on bulk Gd, Gd in a thin
film and multilayer structure, and alloyed with other materials have all been done to
discover how each can perturb the properties and characterize Gd within these various
systems. Other work has been done with post deposition annealing of Gd films. The
great deal of work already done using Gd will serve as a background to understanding the
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results of this current research.
Nanostructuring of thin films is promising in terms of changing properties and
may lead to some novel and advantageous changes in magnetcaloric properties. Growing
Gd in thin film heterostructures and varying the thickness of the layers and annealing is
the method undertaken by Chien et al. Here they grow two different structure types, the
first is [Gd(37 Å)/W(0-40 Å)]30 and the second is [Gd(0-50 Å)/W(26 Å)]30 where they
grew a uniform thickness of one layer and a wedge shape for the other layer. The
samples were deposited on Si(100) substrates via dc magnetron sputtering at 4 mT. The
rates of W and Gd were 5 Å/s and each multilayer was sandwiched between 350 Å of W
to protect the Gd from oxidation and substrate interaction. Some of the thin film
multilayers were then annealed at 600ºC for 20 minutes. The choice of W is made due to
its mutual immiscibility with Gd, and annealing can potentially improve the interface
between the two.
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Gd 32 Å

Figure 1.4: The Gd magnetization curves at 1.7 K for annealed Gd(32
Å)/W(26 Å) with parallel and perpendicular applied field. Inset:
Magnetization of Gd for multilayers with the listed Gd layer thicknesses
(adapted from Chien, 1996).

Low-angle x-ray diffraction or x-ray reflectivity (LXRD or XRR) was performed
on four annealed samples and several orders of low-angle diffraction peaks are seen
which is indicative of having a good layered structure. High-angle x-ray diffraction
(HXRD) showed W(110) textured layers and, Gd(002) and Gd(101) peaks were present.
The Gd(002) peak grew sharper after annealing at 600ºC. Also, the intensity of the peak
increased, meaning the Gd grain size increased. A study of the M-H isothermal data on
the annealed [Gd(32 Å)/W(26 Å)]30 sample yielded two important conclusions. The first
being that the field at which the magnetization saturates is different by a factor of 4π,
which confirms that the layered structure is preserved after annealing. The second
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conclusion is that even at high fields the multilayers did not saturate until after annealing.
None of the Gd thicknesses were able to achieve the bulk Gd saturation magnetization of
2060 (emu/cm3), these results can be seen in figure [1.4]. In fact, Gd thickness and
saturation magnetization are found to be directly proportional. A study of finite size
scaling was carried out using ac susceptibility measurements [explain finite size in
background]. In Figure [1.5] the relationship between TC and Gd thickness is plotted.
Clearly, the Curie temperature increases with thickness and the data fit the following
power law from finite scaling theory: [TC(∞)-TC(d)]/TC(∞) = (d/d0)-λ, where TC(∞) is the
Curie temperature of bulk Gd, d is the Gd thickness, d0 =13 Å, and λ = 1.5±0.1. The
value of 1.5 for λ was in good agreement with λ = 1.456 predicted by scaling theory
[Chien, 1996]. Other work regarding scaling theory and eventually a determination of
critical exponents will be discussed later.
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Figure 1.5: Curie temperature as a function of Gd layer thickness for a
series of multilayers with W thickness of 26 Å annealed at 600°C. The solid
curve is a fit to the finite-size scaling law (adapted from Chien, 1996).

The multilayers discussed in the previous work are considered a complex system.
To gain a better understanding of how layers of different materials effect the magnetic
and physical properties simplified systems are used. Bilayers and trilayers are typically
used. Through a simple XRD analysis it is found that W deposited on MgO(100) grows
as W(110). The work done by Stetter et al. found that Gd grown on W(110) at room
temperature had a significant lattice mismatch of approximately 15% along the W[100]
direction in the first few layers. The Gd films they produced were grown by ultra-high
vacuum technique to a thickness of 300 Å and grew with a hexagonal symmetry. The
resulting strain causes many dislocations to occur in the subsequent layers of Gd.
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Subsequent annealing of the sample in situ to 122ºC led to a relaxation of the film up
until the film was completely relaxed at 597ºC. The annealing also led to improved
magnetic properties of the film. The ac susceptibility peak sharpened and simultaneously
shifted toward the Gd bulk TC value at ~292.1 K (the peak position in an ac susceptibility
vs temperature graph gives TC). In a similar experiment by Weller et al., Gd films were
grown epitaxially on W(110) substrates at temperatures in the range of 450 ≤ TS ≤ 500ºC.
Growing the samples in this manner led to the films growing in the Stranski-Krastonav
mode, meaning that at least one epitaxial monolayer grew followed by island growth on
top [Weller, 1984]. They studied the surface Curie temperature TCS via spin-polarized
low-energy-electron diffraction and magneto-optical Kerr effect and found that TCS was
enhanced by as much as 22 K compared to bulk Gd TC. Future work attempted to verify
this result but were unable [Tober et al.].
The work done by Tober et al. was done to verify the results of the studies
discussed in the previous paragraph as well as the work done by Farle et al. which will be
discussed later. The samples of Gd were prepared via deposition in a thickness range of 1
to 20 monolayers at ambient temperature. The films were then annealed at approximately
257ºC and 437ºC. Their STM results of Gd on W(110) show the first few monolayers of
Gd have a 2-D structure. As deposited Gd grows in a multilayer mode rather than layer
by layer. Annealing samples thicker than 7 monolayers at 257ºC produces smooth
monoatomically stepped surfaces. Further annealing to 437ºC causes the Gd film to
break up into large 3-D islands resting on the base monolayer; this is an example of
Stranski-Krastanov growth. Through measurement of an 11 ML film they were able to
predict a TC of 286 K.
Extensive amounts of work have been done with regards to thin films and
21

annealing, but little on their correlation with the magnetocaloric effect. Michels et al.
have studied how grain size of nanocrystalline Gd samples effects its magnetic properties,
in particular TC, and the role stress plays. Gd samples were prepared by inert-gas
condensation and subsequent compaction to a final size of a 8 mm diameter by 0.2 mm
thick disk. X-ray diffraction was used to characterize the microstructure of the sample
and it was found that the majority of the Gd was in the hcp phase and about 10% formed
in the metastable FCC phase. Annealing was carried out in steps for 1 hour at
progressively higher temperatures up to 410ºC to study the dependence of magnetic
properties on grain size. Annealing was shown to increase the average grain size, <D>,
continuously above 90ºC up to and greater than 150 nm at 350ºC and decrease the
microstrain ℮ until it disappears at 110ºC. XRD scans showed the amount of Gd in the
FCC phase decreased with increased annealing temperature until it essentially disappears
at 170ºC. This is further evidence that annealing can increase grain size and relieve
strain.
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There is a great deal of work looking at the magnetocaloric effect near the second
order magnetic phase transition in bulk Gd. As stated above, Gd has been extensively
studied in this regard and is used as a benchmark when looking at other materials.
Materials such as Gd5(Si2Ge2) have exhibited giant MCE which has been shown to
exceed that of Gd [Pecharsky 1997]. Pecharsky et al. compared the magnetic entropy
change in pure Gd in field sweeps of 0-2 T and 0-5 T to the Gd5(Si2Ge2) and found that
this alloy showed a much higher value. The important information that can be obtained
from this is the basic size, shape, and position on the temperature axis and ΔS axis (figure
[1.6]). Results such as these for Gd are what is expected and will be used in this work for
comparison. The ΔS peak position give the TC of the given material in this case near 293
K, the bulk value of TC.
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Figure 1.6: Magnetic entropy change of pure Gd as determined from
magnetization measurements compared to the Gd5Si2Ge2 between 240 and
325 K for a magnetic field change 0 to 2 T and 0 to 5T, respectively
(adapted from Pecharsky, 1997).
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The studies cited prior have explored many of the physical properties along with
the calculation of entropy. Another method to further characterize the magnetic
properties of Gd is done by seeking to understand the critical phenomenon by scaling.
Scaling means systems (ex: phase transitions) near the critical points (TC for Gd) vary
based on the change in the scale of the place in which the system occurs. According to
universality, quite different systems behave similarly around their respective critical
point. A slight shift in sample preparation is shown in the work done by Mohan et al
which is similar to the studies described above. The purpose of this work was to study
magnetic phase transition in reduced dimensions by making thin film multilayers.
Basically, they want to look at 2-D phase transitions. The determination of a phase
transition being 2-D comes from the critical exponent values.
The critical exponents β, γ, δ correspond to spontaneous magnetization, initial
susceptibility, and the magnetization isotherm at TC, respectively. The critical exponents
describe the behavior of the material in the region of Tc, where the second order phase
transition occurs (in the current work the only values determined are β and γ). the
exponents are determined using the magnetization data collected and what is known as
the Kouvel Fisher method (KF method) [Kouvel 1964]. This method begins with
collecting the M-H isothermal magnetization data. The second step is understanding how
this data is related to the Arrott-Noakes equation of state, equation [1]:

[1] H 1 γ = a (T − TC ) M 1 γ + bM (1 β + 1 γ )
[2] bM 1 β = ( H M )1 γ − a (T − TC )
rearranging equation 1 into the form of equation 2 allows one to see a simple relationship
between M and H/M. Now that this is done, plotting the MH isotherms as M1/β vs.

25

(H/M)1/γ should result in a family of parallel straight lines, if the exponents are correct
for the material being studied. When plotted as M[x]exponents need to be added vs
H/M[x], the isotherm that goes though the origin corresponds to TC for that material.
Typically, the result is not a family of parallel straight lines, so the critical
exponents must be determined more accurately. Next, the high field data (H > 1T) is
taken and fit to a second order polynomial. This polynomial is then extrapolated back
through the H/M[x]exponents and M[x] axes. Normally, the high field data would be fit
to a straight line but it has been shown that this will result in an overestimation of the
intercepts [Franco 2006]. The M-intercept corresponds to the spontaneous magnetization
(MS) and the H/M-intercept gives the inverse initial susceptibility (χo). These two values
are then plugged into the following equations:
X(T) = (χo)-1/[d (χo)-1/dT]
Y(T) = MS/(dMS/dT)
and plotted versus temperature as seen in figure [1.7].
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Figure 1.7: Determination of the Curie temperature and the critical
exponents from the Kouvel-Fisher method (adapted from Franco, 2006).

Figure [1.7] shows a result in which Y(T) and X(T) are straight lines that intercept on the
temperature axis (1-T/TC here) and their slopes yield β-1 and γ-1, respectively. If the
initially chosen exponents are incorrect for the specific sample being measured, then the
slope near X=0 and Y=0 are used to reestimate the critical exponents. The new values of
these exponents are then used to create a “modified Arrott-Noakes plot”, which is exactly
the same as above but with the axes using non-ideal exponents. The process is repeated
until the resulting Arrott-Noakes plot is the ideal family of straight lines where one goes
through the origin.
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1.6 Conclusion
Gadolinium and its alloys have a great deal of potential for various applications in
magnetic refrigeration. Before magnetic refrigeration can overtake conventional gas
compression technology in the commercial and residential fields, the materials being used
need to be fully characterized. Magnetic refrigeration is useful because it is seen as a
more environmentally friendly refrigeration technique. Our motivation for this research
is to grow Gd films in multilayers and bilayers to study how physical properties, such as
thickness and grain size, can be perturbed to affect the magnetic properties.
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Chapter Two
Experimental Procedures
2.1 Sample Cleaning
Before a sample can be fabricated various steps must be undertaken. When
growing a film to a specific thickness the rate at which the target sputters must be known,
this is called a rate calibration. Generally, rate calibration samples are made on a Si(100)
substrate. Regardless of the substrate used, all samples are handled with gloves at all
times. Unlike MgO (which comes prepackaged in 10 by 10 mm squares) the Si must be
cut into sections from a circular wafer. A piece of Si (typically rectangular) then needs to
be cleaned before it can be used. Cleaning involves first immersing the substrate in
acetone inside of a small beaker. This beaker is then placed in a sonicator full of water
and run for five minutes. After that the Si is immersed in methanol and placed in the
sonicator for another five minutes. Now it can be removed from the methonal and blown
dry with air. The substrate is then visually inspected for smudges, scratches, or any other
marks. If they are present, the substrate can be put through the cleaning process again or
just the methonal cleaning.
2.2 Rate Calibrations and X-Ray Reflectivity
Once a clean substrate is obtained it is ready to be deposited on. Before
depositing onto the substrate the target is typically presputtered for at least 20 minutes to
clean it. The material is deposited onto the substrate for anywhere between 200 and 800
seconds to ensure that a substantial amount of the material is on the Si. X-ray reflectivity
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is then performed on this sample to determine its thickness. The oscillations that result
from this are used to determine thickness. This is done by identifying the peak of each
oscillation and then plugging that into the equation:
nλ = 2d sin θ
where n enumerates the peaks (the specific numbers chosen is irrelevant, since we are
ultimately after the change between peaks), λ = 1.541 Å is the wavelength of the Cu kalpha
x-rays, θ=2θ/2 is the position of the peak, and d is the film thickness. The value of θ is
input into an Origin program designed for this purpose. It takes θ and calculates the
value of (2 sin θ)/λ, which is then plotted against n (= 1, 2, 3... depends on number of
oscillations). An example of reflectivity and the resulting plot of n vs (2 sin θ)/λ, can be
seen in Figures [2.1a-b]. After plotting the values the points are fit to a line whose slope
is equal to d, the film thickness in Å.
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Figure 2.1: An example of reflectivity where each peak is numbered (a); and an
example plot used to determine the film thickness and ultimately the rate at which
that particular target sputters. Here d is approximately 432 Å.
Now that the thickness is known, the rate that the target sputters can be determined by
dividing the calculated thickness by the amount of time the material was sputtered onto
the substrate. The resulting units are Å/s; this value is used to grow materials at a
particular thickness by simply dividing the desired growth thickness (in Å) by this rate to
know how long the material needs to be deposited.

2.3 Magnetometry
After a rate is determined and a sample is made, it becomes necessary to cleave
the sample in order to perform magnetometry measurements. This needs to be done
because the sample needs to fit into a standard drinking straw in order to be measured.
Cleaving of MgO substrates is done with a non-magnetic blade, so that no magnetic
material is introduced to the sample which would alter the results of magnetometry. Each
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non-magnetic blade has a razor on each end which is dedicated to a magnetic material.
Cutting MgO involves placing the blade on the edge of the substrate and pressing down.
This results in a split developing and propagating straight through the MgO and, if done
right down the middle, results in two equal halves (5 by 10 mm each).
Once a sample is cleaved it is ready for magnetometry using the superconducting
quantum interface device (SQUID) or physical properties measurement system (PPMS).
To perform measurements with the SQUID, half of the cleaved sample is placed securely
in a straw so that it does not slide or move in any way. Care must be taken to seal the
straw and secure the sample so it does not slide out during measurement. In the SQUID,
the sample must be centered well or much of the data collected will be of poor quality
and not useful. The SQUID can be used to obtain M vs T and M vs H data. The M vs H
data is input into a Labview program designed to calculate the magnetic change in
entropy (ΔS). The output from the program is in units of J/K. To get the correct units
requires dividing by the mass of the magnetic material in the sample. Calculating the
mass involves knowing the area of the sample and then multiplying by the thickness of
the magnetic material. This results in the volume which can be multiplied by the density
to obtain the mass of the magnetic material in the sample. The present work required
careful execution of these steps in order to obtain satisfactory results.
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Chapter Three
Perturbation of Magnetocaloric Effect via Sample Annealing
3.1 Sample Preperation
The samples used to study the potential correlation between grain size and
magnetic properties of Gd were prepared via dc magnetron sputtering from solid targets
of 99.95% Gd, 99.95 % Cr. Prior to deposition, the chamber was evacuated to a pressure
of 10-8 Torr. The Cr and Gd targets were presputtered for approximately five minutes
each at 3 mTorr. Presputtering is done to clean the targets, in addition presputtering the
Gd serves to getter background gases from the chamber, causing the base pressure to fall
by an order of magnitude. Usually it is done for 20 minutes, but if the targets have been
in continuous use prior to this deposition presputtering so long is unnecessary.
Deposition was carried out in an ultra-high purity (UHP, 99.999%) Ar atmosphere with a
flow rate of 20 standard cubic centimeters per second (SCCM) at 3 mTorr with both Cr
and Gd at 100W dc power and rf power, respectively. The rates were held constant at
0.628 Å/s for Cr and 0.997 Å/s for Gd, and deposition took place at ambient temperature.
The rates were determined by x-ray reflectivity of thicker samples grown under the same
conditions. One 10x10 mm MgO (100) substrate was deposited and then cut into two
pieces. The final sample structure is MgO(0.5mm)/Cr(100 Å)/Gd(2000 Å)/Cr(100 Å),
where the top layer of Cr is a capping layer to help protect Gd from oxidation. After
deposition the sample was annealed for 1 hour at temperature steps of 150ºC up to 600ºC,
with characterization of physical properties between annealing steps. A second set of
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samples were made after the above sample. Once again they were prepared via dc
magnetron sputtering from solid targets of 99.95% Gd, 99.95 % W, and Al. The same
pre-depositions of biasing, chamber evacuation, and presputtering are followed again.
Deposition was carried out in an ultra-high purity (UHP, 99.999%) Ar atmosphere with a
flow rate of 20 standard cubic centimeters per second (SCCM) at 3 mTorr for W and Al
and 10 mTorr for Gd at powers of 100 W dc for Al and W, and 100 W rf for Gd. The
rates were held constant at 0.788 Å/s for W and 0.814 Å/s for Gd, and deposition took
place at ambient temperature. The rates were determined by x-ray reflectivity of thicker
samples grown under the same conditions. Six 10x10 mm MgO (100) substrates were
deposited upon simultaneously. The final sample structure was MgO(0.5mm)/W(300
Å)/Gd(2000 Å)/W(300 Å)/Al(x Å) with Al as a capping layer to help protect Gd from
oxidation. After deposition, five of the six samples were annealed to different
temperatures (150ºC, 300ºC, 350ºC, 400ºC, 450ºC, 600ºC) for 3 hours.
3.2 Grain Size Analysis via XRD
X-ray diffraction (XRD) was performed with a θ-2θ scan in the range 25-75° on
all of the samples after each annealing step. The Cr-Gd film showed strong Gd (100) and
(002) peaks along with the presence of the higher order peaks (200) and (004). A
Scherrer grain analysis reveals that the grain size for the (002) peak prior to deposition is
15 nm. The grain size increases to 16 nm after annealing for 1 hour at 150ºC, and then
nearly doubles to 33 nm when annealed to 450ºC for an hour. Table [2.1] shows this
trend for Gd peaks at (100) and (002). Strangely, the strain showed a slight increase,
although it remained very small in the range between 0.05 to 0.49%.

34

Annealing Temperature (K)

Gd(100) grain size (nm)

Gd(002) grain size
(nm)

As deposited

19 ± 1

15 ± 1

150°C

18 ± 1

16 ± 1

450°C

37 ± 1

33 ± 1

Table 3.1: The grain size for the Gd(100) and the Gd(002) peaks at different annealing
steps. This is for the Cr(100 Å)/Gd(2000 Å)/Cr(100 Å) sample.

The result shown in table 3.1 are compared to what was found for the W-Gd films.
Figure [3.1] shows the evolution of the Gd peaks present on W. The as deposited and
150ºC samples show Gd(002) and Gd(101) peaks both giving approximately equal grain
size values. As annealing temperature is increased the Gd appears to stabilize into a
single phase with the Gd(100) peak growing at the expense of the other peaks.

Intensity (arb. units)

Gd(101)

Gd(100)

600° C

Gd(002)

W(300 Å)/Gd(2000 Å)/W(300 Å)

450° C
400° C
350 ° C
300° C
150° C
As deposited
0.1
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Figure 3.1: The evolution of the Gd peaks of (100), (002), and
(101) with annealing. As the annealing increases the (101) and
(002) peaks disappear at 600°C.
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The major structural change in the current samples appears to occur between 400-450°C.
Interestingly, in the work of Tober et al. they found three dimensional island growth at
an annealing temp of 437°C.
3.3 Magnetometry Measurements
All magnetic measurements were carried out using a Quantum Design Physical
Property Measurement System (PPMS). Dealing first with the Cr-Gd-Cr film, the
magnetization isotherms were measured in the field range of 0-4 T in 0.5 T steps and
temperature range of 210-320 K in 8 K steps. The entropy change was calculated using
the same Maxwell relation described previously. The entropy plots were created using a
Matlab program our group designed for this purpose. Figure [3.2] shows the MH at 273
K for each annealing step.

MgO/Cr(100 Å)/Gd(2000 Å)/Cr(100 Å)
0.0045

As deposited
150°C
300°C
450°C
600°C

0.0040
0.0035

Magnitization (emu)

0.0030
0.0025
0.0020
0.0015
0.0010
0.0005

T = 273 K

0.0000
-0.0005
0

10000

20000

30000

40000

Field (Oe)

Figure 3.2: MH curves for the Cr-Gd-Cr sample at 273 K.
Here it can be seen that the magnetization increases with annealing. The negative slope in
the M-H data is a result of a strong diamagnetic background from the MgO substrate.
Without the diamagnetism, the isothermal data would saturate at some value. This
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background can be accounted for and subtracted. One method is to perform magnetic
measurements on the MgO substrate and then subtract the resulting magnetization from
the data in Figure [3.2]. This was not done for this data because it is unnecessary for the
change in entropy calculation. The calculation of ΔS involves taking the derivative of the
M-H-T data, therefore, background subtraction is not needed. The resulting entropy
change data can be seen in Figure [3.3]. An interesting feature of this entropy data is the
shift in the entropy change peak value with annealing. A correlation between increasing
annealing temperature and increase in the Curie temperature very similar to the one here
has been seen previously [Stetter, 1992].

Cr(100A)-Gd(2000A)-Cr(100A)
4.5
4.0

-∆ S (J/K-kg)

3.5
3.0

As de p o site d
15 0°C
30 0°C
45 0°C
60 0°C

2.5
2.0
1.5
1.0
0.5
210 220 230 240 250 260 270 280 290 300 310 320 330

Temperature (K)

Figure 3.3: Entropy change data at for 0-4 T field change for
the four annealing steps and the as deposited sample showing
an increase in the ΔS peak value and shift in TC.
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Figure [3.4] shows the entropy change data at each annealing step for all fields.
Each graph is set in the same ΔS range to make it easier to see the increase in the entropy
change value at the different annealing steps. The entropy change peaks have a different
behavior with increasing field. The as deposited and 150°C annealed ΔS peaks stay at
~276 K for all H, while the 600°C annealed sample had ΔS stay at ~293 K. The sample
annealed to 300°C has a ΔS peak shift from 285 K at low field to 293 K at high field and
the 450°C annealed sample has a Δ S peak shift from 293 K to 300 K at high field. The
entropy change data for the W-Gd films grown have thus far yielded no magnetic entropy
results. Further work is required on these samples at this time.
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Figure 3.4: Shows the entropy change
data for the full field swept for as deposited (a), and annealed to: 150°C (b); 300°C
(c); 450°C (d); 600°C (e).
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The peak of the 600°C annealed sample is approximately -4.4 J/kg-K for a 0-4 T
field range, which is nearly half the value of bulk Gd for a 0-4 T field at about -9 J/kg-K.
When analyzing the entropy change data it can be seen that annealing leads to an increase
in the value of the magnetic entropy change and shifts the Curie temperature closer to
that of the bulk Gd TC. Deposition at room temperature and subsequent annealing of a
Gd sample of the thickness used here raised ΔS from about -3 to -4.4 J/kg-K.
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Chapter Four
Magnetocaloric Effect in W/Gd Multilayers
4.1 W(50 Å )/Gd (400 Å) Multilayer
4.1.1 Sample Preparation
Magnetron sputtering was used with ultra high purity (UHP) Ar gas to deposit
W(50 Å)/[Gd(400 Å)/W(50 Å)]8 multilayers onto 1.0 mm x1.0 mm x0.5 mm MgO (100)
substrates at ambient temperature in an all-stainless system with a base pressure of 10-8
Torr. [Figure 3.1]. The choice of W as the spacer layer was made due to the fact that W
and Gd are immiscible; this helps assure a well-defined interface free of alloying. Prior
to deposition, the MgO substrate surface was lightly etched by a 50 W rf bias in 10 mTorr
UHP Ar for ten minutes. The sputtering targets, 99.95% W and 99.95% Gd (rare-earth
equivalent), were presputtered under deposition conditions for ten minutes. The
deposition parameters were 3 mTorr UHP Ar flowing at 20 SCCM, and 100 W of dc
power for W, 100 W rf for Gd. The deposition rates were 0.71 Å/s for W and 1.20 Å/s for
Gd, determined by performing x-ray reflectivity on thicker films grown under these
conditions. After deposition, the samples were annealed in situ at 600ºC for 1 hour at 10-8
Torr, which is known to improve interface quality [Pang, 2000].
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Figure 4.1: The structure of the multilayers produced. The bilayer of W and Gd is
repeated 8 times and then capped with another layer of W.

4.1.2 Structural Analysis via XRD and XRR
X-ray diffraction (XRD) was performed with a θ-2θ scan in the range 20-70°.
Since Gd has a hcp lattice structure it actually has four indices (hkil). This work will be
referring to it as three indices (hkl). To go from four indices to three requires the simple
equation of i = -h-k . This revealed strong peaks of Gd (101) and (002) along with some
higher order peaks. Grain size analysis using the Scherrer equation:

indicated that annealing increases the grain size. Calculating the grain size for the initial
unannealed Gd 400 Å sample yielded a value of 14 nm for the Gd(002) peak and 8 nm
for the Gd(101) peak. The annealed sample had a values of 22 nm for Gd(002) and 16
nm for Gd(101), the high-angle XRD results are compared in Figure [4.2]. The grain size
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is very nearly doubled for Gd(002) and is doubled for Gd(101), due to annealing, and the
strain in the Gd (002) direction decreases from 0.2% to 0.18%, which is a slight decrease
but still in agreement with the results of Michels et al. in which they saw a decrease in
strain and an increase in grain size due to annealing.
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Figure 4.2: Shows the sharpening and increase in intensity of the Gd(002)
and Gd(101) peaks with annealing. The Gd(100) peak also appears to
develop after annealing.
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X-ray reflectivity (XRR) results on the two samples were done to determine how
annealing has affected the interface quality between the W and Gd. When looking at the
XRR it can be seen that the low frequency oscillations are from W and the high
frequency oscillations are from Gd, this is due to the thickness of each layer. When
looking at a XRR scan what is seen is a coherent superposition of the x-rays reflected
from all the layers in the multilayer. Layer thickness and oscillation frequency are
inversely proportional. Figure [4.3] shows XRR for the two multilayers. The annealed
sample exhibits only a slight improvement in interface quality. This is based upon the
sharpening of the low Q high frequency oscillations and also by the fact that those high
frequency oscillations propagate to higher Q values than for the as deposited sample. The
parameter Q is related to 2θ by the equation [4π*sin(2θ/2)]/λ.
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Figure 4.3: XRR of the annealed and as deposited samples. Annealed
sample exhibits a slight improvement in interface quality.
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4.1.3 Magnetometry Measurements
Magnetic measurements were performed on the both samples using a Quantum
Design Physical Property Measurement System (PPMS). The magnetization isotherms
were measured in the range of 0–3 T for temperatures of 170-320 K in steps of 10 K. The
PPMS provides the user with MH data at different temperatures. The ΔSM for the sample
is then determined from these data by the calculation outlined previously; a Labview
program has been designed for this specific purpose. The program calculates entropy
change from raw data inserted in units of emu, Oe, and K, with the output units being
J/K, which is then divided by the mass (in kilograms) of the magnetic material, Gd in this
case, to give the final units of ΔSM of J/kg-K. The MH data can be seen in Figure [4.4].

Magnetization (memu)

MgO/[W(50Å)/Gd(400Å)]8/W(50Å)

Magnetic Field (kOe)
Figure 4.4: Magnetization data from 170-320 K in 10K steps for the
[W(50Å)/Gd(400Å)]8/W(50Å) annealed to 600°C.
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The resultant magnetic entropy change for the annealed W(50 Å)/[Gd(400
Å)/W(50 Å)]8 multilayer is given in figure [4.5]. The ΔSM peak at low fields is
approximately 284 K, which is in agreement with the TC found using the Kouvel-Fisher
method. Two things of particular note here: first, the peak entropy change at each field
sweep was found to be lower for the multilayer when compared to bulk Gd; second, the
temperature full width at half max (TFWHM) for each field sweep was found to exceed the
value of bulk Gd at that same field. The entropy peak value at the H = 3 T (not shown) is
about -3.4 J/kg-K, which is nearly half that of bulk Gd at the same field. The TFWHM
observed at the same field exceeds that of bulk Gd for H = 5 T. Despite the decrease in
the peak ΔS and the slight increase in TFWHM the relative cooling power, calculated as ΔS
× TFWHM [Phan, 2006] is 240 J/kg, which is on the order of that for bulk Gd (410 J/kg).
This may indicate that nanostructuring has potential for developing magnetic refrigerants

-∆ S (J/kg K)

with large useful temperature ranges.
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Figure 4.5: Magnetic entropy change for the annealed multilayer where H= 0.4 2.8 T in 0.4 T field steps.
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4.1.4 Kouvel-Fisher Method
To further verify this value of TC, and determine the critical exponents, an
iterative Kouvel-Fisher method was employed, which was described in the introduction
[Kouvel, 1964]. In the past, this has been used to analyze amorphous magnetic materials
successfully [Franco, 2008][ Franco, 2008], as well as other ferromagnets, such as the
work done by Arrott et al. on Ni [Arrott, 1967]. In this case, the initial values for the
critical exponents were chosen to be βO = 2/5 and γO = 4/3. These initial values of the
critical exponents were chosen based on the work by Arrott and Noakes on Ni because,
like Gd, is a ferromagnetic material that exists around room temperature. They were able
to determine the critical exponents well for Ni starting with those two initial values
therefore we do the same for this ferromagnet, Gd [Arrott, 1967]. Figure [4.6] shows the
AN plot using the initial values of the critical exponents.
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Figure 4.6: Arrott-Noakes plot using the initial values of the critical
exponents βO = 2/5 and γO = 4/3.
The AN plot is clearly not a family of straight parallel lines. This means our initial
choice of exponents was unsatisfactory, so we need to determine new exponents. The
extrapolation of the high field data from figure [4.6] can be seen in figure [4.7a] and the
resulting Kouvel Fisher plot in figure [4.7b]. Seeing that the lines for X(T) and Y(T) are
not straight, the new values for the critical exponents are found by taking the slope of the
fit near the x-axis where they are approximately straight. This cyclic process is repeated
until the input and output critical exponents no longer change. In the present case, it took
four iterations for the exponents to converge, resulting in the final converged AN plot in
figure [4.7c] and the final KF plot in figure [4.7d].
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Figure 4.7: Shows the Kouvel-Fisher method. a)The extrapolation of the high field
data. b) KF plot to find γ and β . c) Final modified AN plot with the high field data as
straight parallel lines. d) Final KF plot. Inset: Values of γ and β after each iteration.

49

The convergent values of the critical exponents were determined to be 1.75 and 0.51 for γ
and β, respectively. Figure [4.7d] shows that X(T) and Y(T) are linear on either side of
the second order phase transition; the inset shows the values of the two exponents after
each iteration. The Curie temperature was relatively insensitive to this iterative process,
ranging from 282 K to 284 K for each iteration. This TC is reduced from the bulk Gd
value which is consistent with finite size effects in Gd thin films [Chien, 1996].
The origin of the enhanced TFWHM of the entropy change is currently under
investigation for the annealed W(50 Å)/Gd(400 Å) multilayer. The value of γ determined
above to be 1.75 is consistent with the two-dimensional Ising model, this suggests the
origin may potentially be related to a change in dimensionality [Mohan, 1998]. The
suppressed TC does indicate that finite size effects are playing a significant role in the
system, lending some credence to this possibility (though the upward shift with annealing
may indicate this suppression is just structural in origin). Another possible origin of the
enhanced TFWHM, as well as the reduction in the entropy change peak value, is a
distribution of Curie temperatures within the Gd. This situation could arise if the Curie
temperature were suppressed near the Gd/W interfaces, for instance. One example is
from Choi et al. where the interfacial interaction between Fe and Gd in Fe/Gd
superlattices causes the Gd moments near the interfaces to exhibit ferromagnetic order
above the bulk TC and with a magnetic moment exceeding that of bulk Gd. Therefore, it's
conceivable that the Curie temperature would be suppressed at the Gd-W interface. This
sort of investigation will require magnetic depth profiling by polarized neutron
reflectometry [Kirby, 2009][Kirby, 2006]. These samples have been sent to NIST for
PNR measurements, and the initial results do in fact indicate a region near the W where
the magnetic ordering is suppressed relative to the “bulk” of the Gd films.
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Multilayers of Gd/W have been investigated in the context of the magnetocaloric
effect. Clearly, nanostructuring Gd significantly impacts the behavior of this material.
Relative to bulk Gd, all of the Gd films studied have a reduced entropy change peak
value and enhanced entropy change full width at half maximum. A reduction in the Curie
temperature and susceptibility exponent of 1.75, suggest that finite size effects are
impacting the transition. This may be related to the departure of the magnetic entropy
change behavior in thin films from that of bulk material.
4.2 Gd(x Å)/W(50 Å) Multilayers
4.2.1 Sample Preparation
After the above work was done another five samples with progressively thinner
layers of Gd were produced. The structure of these samples was the same as the first
W(50 Å)/[Gd(x Å)/W(50 Å)]8 , where x = 50 Å , 100 Å , 150 Å , 250 Å, and another 400
Å sample. The growth conditions were the same and the deposition rates were 0.673 Å
for W and 0.993 Å for Gd (the rate differences are due to aging of the targets). XRD on
these samples showed no peaks were present on Gd thicknesses < 100 Å, but the 100 Å
Gd did show the development of peaks after annealing. Due to this annealing the strain
in the Gd (101) direction decreases from 0.3% to 0.1%, which is agreement with the
results of Michels et al. XRR results showed good structural coherence because of the
existence of multiple superlattice peaks, particularly for the films with Gd thicknes < 250
Å. The superlattice peaks can be seen in figure [4.8] for Gd 50 Å, 100 Å, and 150 Å.
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Figure 4.8: Shows the superlattice peaks (the larger intensity peaks) for three Gd
thicknesses in the W(50 Å)/[Gd(x Å)/W(50 Å)]8 multilayer.

4.2.2 Magnetometry Measurements
The isothermal magnetization data was taken using a superconducting quantum
interference device (SQUID) in a field range of H = 0 – 6 T at the Center for Nanoscale
Materials of Argonne National Laboratory. The measurements took place in the
temperature range T = 140-320 K in 10 K steps. Figure [4.9] shows the entropy change
at H = 5 T for four thicknesses. The most important thing to note is the position of the
peak value of ΔS for each thickness. All four thicknesses have a ΔS peak value of
approximately 280 K, which is contrary to the results that find that the thickness of the
magnetic material is proportional to the peak entropy change[Gajdzik, 1998][Farle, 1993]
[Chien, 1996]. Finite-size scaling theory predicts that the TC of magnetic films will
decrease from the bulk value TC(d) with decreasing thickness d, which follows the power
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law: [TC(∞)-TC(d)]/TC(∞) = (d/d0)-λ, where TC(∞) is the Curie temperature of bulk Gd, d0
=13 Å, and λ = 1.5±0.1, with λ being the shift exponent (describes the finite-size shift of
TC for a thin film of n layers). The values predicted at each thickness are listed in table
4.1.
Gd Thickness (Å)

Predicted TC (K)

Observed TC (K)

50

254.2

N/A

100

279.3

279.9

150

285.5

275.2

250

289.5

275.2

400

291.3

280.4

Table 4.1: Shows the predicted Curie temperature for each of the five Gd thicknesses
used. The observed column is using the peak value observed on figure 3.8. The 50Å Gd
sample did not yield a peak value.
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Figure 4.9: The entropy change for four Gd thicknesses. All have a TC of
approximately 280 K.
4.3Gd(x Å)/W(300 Å) Multilayers
4.3.1 Sample Preparation
A second set of samples was made under similar deposition conditions as above
with the same two materials. The rates were held constant at 0.788 Å/s for W and 0.814
Å/s for Gd and powers of 100 W dc and 100 W rf, respectively however Gd was
deposited at 10 mTorr for these samples. Five MgO (100) substrates were placed on a
sample holder and after biasing, had 300 Å of W deposit at 300ºC. After the initial layer,
a shadow mask made of Al was used to deposited a [Gd(x Å)/W(300 Å)]8 on each
substrate independently, where x = 30, 40, 100, 175, and 400 Å. After deposition the
10x10 mm samples were cut in half using a non-magnetic blade (tungsten carbide)
specifically designated for use only with Gd based samples. One half of each sample was
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set aside and the other half was annealed for 3 hours at 300ºC in situ. The final structure
of each sample was W(300 Å)/[Gd(x Å)/W(300 Å)]8.
4.3.2 Results of XRD and XRR
The XRD results (scanned from 25-75°) showed no peaks were present for the
samples with Gd thickness < 100 Å and an increase in grain size with respect to Gd
thickness and as a result of annealing. The annealing also yielded a relief of strain in the
Gd(002) direction at each thickness. It is difficult to determine grain size from the scans
of Gd thickness < 175 Å because the (001) and (101) peak intensities are too low. At
higher Gd thicknesses (175 Å and 400 Å) where the peaks are present, it can be seen that
annealing did increase the grain size. In Figure [4.10] the benefit of annealing can be
seen on the W(300 Å)/[Gd(400 Å)/W(300 Å)]8 sample. After annealing for three hours
the grain size increased from 8 nm at Gd(002) to 21 nm, and 8 nm at Gd(101) to 15 nm.
There was no noticeable relief of strain in the Gd(002) direction, but the strain in Gd(101)
went from 0.33% to 0.18%. Another thing to note here is that the intensity of the (002)
peak has increased relative to the (101) peak, this means more of the sample is becoming
oriented in one way rather than the other as a function of annealing. An interesting
experiment would be to see if this trend continues with annealing time for example,
annealing over a much longer period of time (days) could lead to some interesting results
with the Gd orientation.
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W(300 Å)/[Gd(400 Å)/W(300 Å)]8 /Al
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Figure 4.10: An increase in grain size is seen after annealing for the
W(300Å)/[Gd(400Å)/W(300Å)]8/Al.

The results of XRR showed good structural coherence because of the existence of
multiple superlattice peaks. Figure [4.11] shows a typical result from the XRR done,
notice the superlattice peaks starting just before 3°. Although the annealing does not
clearly show an improvement of the sample in the XRR, it has been seen in the high
angle x-ray results for all the samples.
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Figure 4.11: XRR for W(300Å)/[Gd(400Å)/W(300Å)]8/Al. The superlattice peaks
appear just before 3° and indicate good structural coherence of the multilayer film.

4.3.3 Magnetometry Measurements
The SQUID was also used to study all of the samples. The SQUID results for the
multilayer of [Gd(175 Å)/W(300 Å)]8 are shown in figure [4.11]. The result of annealing
is shown here to increase the entropy change peak and shift the TC from approximately
255 K to about 285 K. While the data here is unusually noisy, it is clear that annealing
has an important role in the underlying magnetic behavior of these multilayers. The data
for the other thicknesses is not shown because of their poor quality. Further work is
required with those before a final conclusion can be drawn.

57

W(300 Å)/[Gd (175 Å)/W(300

Å )] 8

1.8

Asdeposited
Annealed

-∆S (J/ kg-K)

1.6
1.4
1.2
1.0
0.8
0.6
0.4
150

175

200

225

250

275

300

325

Temperature(K)

Figure 4.12: The entropy change data shows annealing improving the peak value and
shifting TC closer to the bulk value of Gd.

The entropy results using the 300 Å W spacer layer were mostly unsatisfactory. What
can be taken from Figure [4.12] is that annealing increased the entropy change peak and
shifted it closer to the bulk Gd value. This is further support for the conclusion that
annealing improves magnetic properties of films.
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Chapter Five
Conclusion and Future Work

In this work, we have taken the initial steps necessary to determine the impact of
nanostructuring on the magnetocaloric effect. We have grown a variety of Gd thin films
and heterostructures, and investigated their magnetic entropy changes as functions of
atomic structure via annealing studies and nanostructure via Gd multilayering. In the
former, we determined that annealing increases the grain size of the Gd films, enhances
the magnetic entropy peak, and shifts the Curie temperature to an equilibrium value.
Further, annealing shows that the Gd films evolve from highly disordered (possibly
amorphous) to structured favoring Gd(002).
Gd was incorporated into multilayers with W and Cr. For annealed films with
thicknesses sufficient to produce Gd with ordering temperatures near that of the bulk, we
employed the Kouvel-Fischer method for determining the critical exponents. Relative to
bulk Gd, the relative cooling power of all films were lower, but of the same order of
magnitude; suppressed entropy change peak values were compensated for by enhanced
peak full widths at half maximum. What is most notable is that these structures had
critical exponents that were significantly different from the bulk, with the susceptibility
exponent γ equaling that expected for the 2-D Ising model. This is a strong indication
that nanostructuring has impacted the material significantly. Another possible origin of
the enhanced entropy change full width at half maximum and the reduction in the entropy
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change peak value, is a distribution of Curie temperatures within the Gd. This situation
could arise if TC were suppressed near the Gd/W interfaces: initial results from polarized
neutron reflectometry measurements indicate a region near the W where the magnetic
ordering is suppressed.
A study of the Gd thickness dependence of the magnetic entropy change used thin
and thick W spacer layers in heterostructures of the form [W/Gd(t)]8/W. The initial
sample set for Gd thicknesses from 50 to 400 Å used W of 50 Å. The magnetic entropy
change data for these samples all indicated that the ordering temperature was very near to
the bulk Gd value. This is contrary to fairly well established finite size scaling effects, so
we must conclude that the W spacer layers failed to form complete layers between
adjacent Gd layers, causing the sample as a whole to appear as one thick Gd film. While
this may seem at first glance to be a failure, it may be a worthwhile avenue for future
studies aimed at studying inclusions within Gd, or, with some changes in relative
thicknesses, may even be a route to Gd nanoparticle formation within a W matrix.
Additional samples were fabricated using 300 Å W spacer layers, but these have not as of
yet yielded entropy change data with acceptable signal to noise values.
As this was the first step in determining how nanostructuring can impact the
magnetocaloric effect, there is are many routes now open for future research. To
immediately follow up on the research discussed here, future work would look in detail at
the magnetocaloric effect as a function of Gd film thickness. Ideally this would be done
on single layer films, but at the present time, we do not have magnetometry with the
necessary level of sensitivity. From there, one can imagine a series of experiments
investingating how the magnetocaloric effect in Gd is impacted by introducing interfaces
with materials other than W or Cr. It would be particularly interesting to make
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multilayers where Gd is in contact with ferromagnetic materials such as Co or Fe, since
the magnetism of these materials will strongly influence the neighboring Gd.
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